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OxidationThe catalytic effect of [M(2,2′-bipyridine)2(NO3)](NO3) (M(bpy)2, M = Cu(II), Zn(II) and Cd(II)) on the super-
coiled and double strandedDNA (scDNA and dsDNA)was examined by electrophoresis and a real-time detection
linear dichroism (LD) technique. Although the Cu(bpy)2 complex effectively cleaved both types ofDNA, the other
two complexes were inactive. This was explained by the electrochemical properties of the metal complexes. The
Cu(bpy)2 complex exhibited a redox potential at−0.222 V with a peak to peak separation of 0.201 V, whereas
the other twometal complexes did not undergo any redox reaction. Both electrophoresis and LDmeasurements
revealed the superoxide radical, ·O2
−, to be responsible for DNA cleavage. A kinetic study using the LD technique
showed that the cleavage of dsDNA consisted of two ﬁrst order reactions. The fast reaction is believed to reﬂect
the cleavage of one strand, whereas the slow reaction involves the cleavage of the complementary strand at or
near the ﬁrst cleaved site.
© 2013 The Authors. Published by Elsevier Inc. Open access under CC BY license.1. Introduction
Biomedical inorganic chemistry has been a fascinating research
area due to the wide application of inorganic pharmaceuticals in clin-
ical therapy and diagnostics [1–3]. Inorganic elements play important
role in biological and biomedical processes and it is evident that many
organic modes of action are activated or biotransformed by transition
metal ions due to a multitude of coordination numbers and geome-
tries that go far beyond the sp, sp2 and sp3 hybridizations of carbon.
Another key aspect for using metal containing compounds as struc-
tural scaffold is the kinetic stability of the coordination sphere in the
biological environment [4]. Considerable research has been conducted
on the development of transition metal complexes that are capable of
mimicking the action of nuclease enzymes [5–9]. The ability to cleave
nucleic acids efﬁciently in a non-degradative manner, and with high
levels of selectivity for the site or structure will offer wide applications
for the manipulation of genes, design of structural probes and devel-
opment of novel therapeutics. The wide range of metal complexes+82 53 815 5412.
gkim@yu.ac.kr (S.K. Kim).
nc. Open access under CC BY license.involving nitrogen ligands, based on macrocycles or Schiff bases, or
those containing pyridine, pyrimidine or imidazole groups, has been
used for DNA cleavage [10–13]. Metallo-nuclease mediated nucleic
acid cleavage proceeds via two distinct mechanisms; hydrolytic and
oxidative processes. In the oxidative process, metallo-nuclease cleaves
DNA by oxidative attack at the sugar moiety or bases, whereas hydro-
lytic process occurs mainly at the phosphodiester bond and does not
result in sugar damage [14].
Electrophoretic mobility shift assays are used widely to examine
the efﬁciency of DNA cleavage as well as the kinetics of the reaction.
On the other hand, this method is greatly restricted in themorphology
of DNA. Therefore, super-coiled plasmid DNA is used as the main sub-
stance. Moreover, kinetics analysis is also conﬁned to selected time in-
tervals. Recently, linear dichroism (LD) spectroscopy has been applied
successfully for monitoring DNA cleavage in real-time [15–18]. In the
application of LD to DNA cleavage, the LD magnitude was considered
to reﬂect solely the ﬂexibility and length of DNA if the other factors re-
main constant [19–21]. Real-time detection of the cleavage of double
stranded native and synthetic DNA by a range of metal complexes
using the LD technique has been reported. This result was compared
with the supercoiled DNA (referred to as scDNA) cleavage detected
by agarose gel electrophoresis [18,19]. In the Fenton-reaction and
metallo-nuclease induced cleavage, the LD magnitude at 260 nm de-
creased with increasing reaction time, reﬂecting an increase in
Fig. 1. Chemical structures of the [M(2,2′-bipyridine)2(NO3)](NO3) complexes (referred to as M(bpy)2).
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ic proﬁles were elucidated by the sum of two or three exponential
curves in relation to the nuclease concentrations— the fast component
was from the cleavage of one of the double strands, inducing an increase
in ﬂexibility, whereas the other slower component was from the cleav-
age of double strand, resulting in a shortening of the DNA molecule.
In the present study, copper, zinc, and cadmium complexes ligated
by an identical (2,2′-bipyridine)2(NO3) ligand (Fig. 1, abbreviated as
bpy) were synthesized and their efﬁciencies in the DNA cleavage re-
action were examined by real-time LD technique and electrophoresis.
The possible reasons for the difference in the DNA-cleavage efﬁcien-
cies, including amount of the DNA-bound metal complex and the
redox potentials were investigated. The reactive oxygen species that
participate in the cleavage reaction were also identiﬁed.
2. Experimental
2.1. Materials
All chemicals were purchased from Sigma-Aldrich and used as
received. Native calf thymus DNA (ctDNA) was dissolved in a 5 mM
cacodylate buffer, pH 7, containing 100 mM NaCl and 1 mM EDTA by
exhaustive shaking at 4 °C. This solution was dialyzed several rounds
against 5 mM cacodylate buffer, pH 7.0. Unless speciﬁed otherwise
and this buffer was used for entire experiment. The pBR plasmid DNA
(referred to as scDNA) stock solution (1 mg/mL) was purchased from
New England Biolabs (Massachusetts, USA). The extinction coefﬁcient
of ε260 nm = 6700 M−1 cm−1 was used to determine the concentra-
tion of dsDNA.
2.2. Synthesis of the complexes
Zn(bpy)2 and Cd(bpy)2 were obtained from a previous study
[22,23]. Cu(bpy)2 was synthesized using a modiﬁcation of the pro-
cedure reported elsewhere [24–27]. A mixture solution of 2 mL
methylene chloride, 1 mL acetone and 1 mL hexane was preparedand layered carefully by 4 mL acetonitrile of Cu(NO3)2·5/2H2O
(23.9 mg, 0.125 mmol), 2,2′-bipyridyl (39.4 mg, 0.25 mmol) and
TEMPO (19.9 mg, 0.125 mmol). The Cu(bpy)2 was obtained after
one month. The crystal structure was conﬁrmed by X-ray crystal-
lography. The yield for Cu(bpy)2 was 28.2 mg (45.2%). IR (KBr):
ν (cm−1) = 3048(w), 1600(m), 1567(w), 1497(m), 1475(m),
1443(m), 1335(s), 1293(s), 1163(m), 1103(w), 1061(w), 1030(s),
771(s), 729(s), 663(s), 640(s). Anal. Calcd. for C20H16CuN6O6 (499.92),
1: C, 48.05; H, 3.23; N, 16.81. Found: C, 48.01; H, 3.42; N, 16.57%.2.3. Cleavage of pBR322 plasmid DNA
The appropriate amount of ascorbic acid and the metal complexes
were added to the scDNA solution in a 5 mM cacodylate buffer
(pH 7.0) for the conventional cleavage experiment. The ﬁnal concen-
tration of scDNA was 200 ng/12 μL. The mixture was incubated for
15 min at room temperature. The reaction was quenched by the addi-
tion of stopping buffer containing 7 mM EDTA, 0.15% bromophenol
blue, 0.15% xylene cyanol and 75% glycerol. The mixtures were placed
on a 1% agarose gel and electrophoresed at 25 V, 400 mA for 200 min.
The gel was stained with tris-acetate-EDTA(TAE) buffer containing
0.5 μg/mL ethidium bromide, 20 mM tris acetate and 1 mM EDTA and
visualized by UV trans-illumination.2.4. Electrochemical measurement of the complexes
Electrochemical experiments were conducted using a three-
electrode one-compartment cell on a potentiostat (CH Instruments,
Model 630C). The electrochemical measurements were performed
using an Ag/AgCl reference electrode, coiled platinum counter elec-
trode and glassy carbon electrode (Bioanalytical Systems Inc., A =
0.071 cm2). Cyclic voltammetry was performed over a potential range
of 0.3 and −0.8 V (vs. Ag/AgCl) with a scan rate of 0.1 V/s. Square
wave voltammograms (SWV) were registered in the potential interval
0.3 to −1.0 V (vs. Ag/AgCl), under the following conditions: potential
Fig. 3. Effect of reactive oxygen species scavengers on the cleavage of super-coiled
pBR322 DNA by Cu(bpy)2 complex. Lane 1: pBR322 DNA; lane 2: in the absence of
scavengers; lane 3: 1 mM tiron; lane 4: 5 mM sodium azide; lane 5: 50 mM DMSO;
lane 6: 0.125U/μL catalase. The mixture contained 200 ng/μL sc [DNA], 50 μM Cu(bpy)2
and 100 μM ascorbate.
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tion with the peak deﬁnition.
2.5. LD and other spectroscopic measurements
The absorption spectra were recorded on a Cary 100. A BIO RAD FTS
135 spectrometer was used to examine the IR KBr pellets. The X-ray dif-
fraction pattern of all three compounds were obtained on a Bruker
SMART APX diffractometer equipped with a monochromater in a Mo
Kα (λ = 0.71073 Å) incident beam. LD is deﬁned by the difference in
the absorption of polarized parallel and perpendicular radiation relative
to the laboratory reference axis of the oriented sample. The usage of LD
measurements as a tool for detecting dsDNA cleavage in real-time is de-
scribed elsewhere [20,21]. The time-dependent decrease in LD at
260 nm and the LD spectrum were recorded on either a J-715 or J-810
spectropolarimeter (Jasco, Tokyo, Japan) equipped with an inner rotat-
ing ﬂow cell. The result was ﬁtted to one and two exponential decay
curves using the OriginPro 8.0 program (OriginLab Co., Northampton,
MA, USA). The goodness of ﬁt was evaluated using the residuals.
3. Results
3.1. Cleavage of pBR322 scDNA probed by electrophoresis
Fig. 2 shows the gel electrophoresis separations of the M(bpy)2
complex-induced cleavage of scDNA. The scDNA produced two clear
bands representing the super-coiled (Form-I) and relaxed circular
form (Form-II) of scDNA in the absence of the M(bpy)2 complex, as
expected. The presence of the Cu(bpy)2 complex resulted in the dis-
appearance of both bands corresponding to Forms-I and -II (lanes
2–3, Fig. 2). The bands were smeared, suggesting that scDNA cleavage
occurred at more than one place. On the other hand, the Zn(bpy)2 and
Cd(bpy)2 complexes showed very small or no cleavage activity under
the conditions adopted in this study.
A range of reactive oxygen species (ROS) might be involved in
the cleavage process. To identify the nature of ROS species, the effect of
ROS scavengers was tested [28–31]. Fig. 3 shows the effect of the scaven-
gers on scDNA cleavage by the Cu(bpy)2 complex detected byFig. 2. Cleavage of super-coiled pBR322 DNA by the 25, 50 and 100 μM of [M(2,2′-
bipyridine)2(NO3)](NO3) complexes detected by 1% agarose gel electrophoresis. Lane 1:
pBR322DNA; lanes 2–4: in the presence the Cu(bpy)2 complex; lanes 5–7: in the presence
of the Zn(bpy)2 complex and lanes 8–10: Cd(byp)2 complex. The sample mixtures were
incubated for 15 min. The gel was run for 200 min under 25 V. [DNA] = 200 ng/μL,
[Ascorbic acid] = 100 μM.electrophoresis. The presence of 5 mM sodium azide and 50 mM DMSO
(lanes 4 and 5, Fig. 3) showed very little inhibition for the cleavage pro-
cess. Similar to that in the absence of scavengers which produced a pre-
dominantly smeared band (lane 1), the presence of either sodium azide
or DMSO resulted in a smeared band. Considering that sodium azide
andDMSO are scavengers for singlet oxygen (1O2) and hydroxyl radicals
(·OH), these two oxygen species did not participate in the cleavage
process. Tiron, a superoxide radical, ·O2−, scavenger, had a large inhi-
bition effect on the cleavage of scDNA (lane 3). The smeared band did
not appear whereas the amount of scDNA decreased with increasing
Form-II band (nicked open circular form). The presence of catalase, a
H2O2 scavenger, also resulted in the disappearance of the smeared band
whereas the bands correspond to nicked circular and linear forms were
apparent. This suggested that the role of the oxygen radical is essential
for the Cu(bpy)2-induced scDNA cleavage.
3.2. The M(bpy)2 complex induced dsDNA cleavage probed by LD
LD is an excellent tool for probing the cleavage of sc and dsDNA
[15–18,32]. This real-time LD technique is based on the fact thatFig. 4. LD spectrum of the dsDNA-Cu(bpy)2 adduct at the time of and at 20 min after
mixing. [dsDNA] = 200 μM, [Cu(bpy)2] = 100 μM and [ascorbate] = 100 μM. Curves a
and b denote the LD spectrum of DNA + ascorbate at 0 and 20 min after mixing, respec-
tively. Curves c and d are the LD spectrum of the dsDNA-Cu(bpy)2 adduct + ascorbate at
0 and 20 min after mixing, respectively.
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ﬂexibility and length of DNA if the other factors including the optical
density, viscosity, temperature and ﬂow rate (in the ﬂow orientation
case) are kept constant. Fig. 4 shows the LD spectrum of the DNA in
the presence and absence of the Cu(bpy)2 complex at the time of
mixing and 20 min after mixing. In the absence of the Cu(bpy)2 com-
plex, the LD spectrum of dsDNAwas negative and its shape resembled
the negative of the absorption spectrum as expected from the set-up
adopted in this study [17–19]. Both the shape and intensity of the LD
spectrum of dsDNA remained in the absence of the Cu(bpy)2 com-
plex. The maximum intensity was observed at 258 nm. The presence
of the Cu(bpy)2 complex caused a decrease in intensity, a 5 nm
red-shifted maximum and a positive band above 300 nm at the
time of mixing. The positive LD in the ligand absorption region indi-
cated that the electric transition moments of the ligand are not paral-
lel to the DNA base-pairs. Similar positive LD signals were observed for
the Zn(bpy)2 and Cd(bpy)2 complexes at the time of mixing (Fig. S3).
Therefore, the possibility of ligand intercalation between the DNA
base-pairs can be rejected.With time, themagnitude of the LD spectrum
decreased gradually and the signal was almost diminished 20 min after
mixing, suggesting that dsDNA became so ﬂexible and shortened that it
could not be oriented in the ﬂow.
Fig. 5 shows the decrease in LD intensity at 260 nm as a function
of time. Although the LD intensity at 260 nm of the dsDNA-Cu(bpy)2
adduct decreased gradually with time, reaching a zeromagnitudewith-
in 20 min, that of the dsDNA-Zn(bpy)2 and dsDNA-Cd(Bpy)2 adduct
remained almost constant (curves b and c), indicating that the ﬂexibil-
ity and length of DNA are unaffected by the presence of either Zn(bpy)2
or Cd(bpy)2. This suggests that, in addition to the cleavage of scDNA
probed by electrophoresis, the latter twometal complexes were unable
to cleave the DNA. The decrease in LD intensity at 260 nm in the pres-
ence of the Cu(bpy)2 complex cannot be explained by simple ﬁrst or
second order kinetics as it was evaluated by the residuals. The residual
from single component exponential decay is shown in the lower panelFig. 5. Change in LD magnitude at 260 nm for the dsDNA-M(bpy)2 adducts. Curves
a, b and c denote the dsDNA in the presence of Cu(bpy)2, Zn(bpy)2 and Cd(bpy)2 com-
plex. [dsDNA] = 200 μM, [M(bpy)2 complex] = 100 μMand [ascorbate] = 100 μM. The
best ﬁtting two component exponential curve for the dsDNA-Cu(bpy)2 adduct is denoted
by the solid black curve. In the lower panel, the resulting residuals from the one and two
component (from top) analysis for the dsDNA-Cu(bpy)2 adduct are shown.as an example. The sum of the two ﬁrst order kinetics which corre-
sponds to the sum of two exponential curves,
LD tð Þ ¼ a1 exp −t=τ1ð Þ þ a2 exp −t=τ2ð Þ
were the best to elucidate the decay of the LD signal. The decay curve
analysis for the dsDNA-Cu(bpy)2 adduct is shown in Fig. 5. The good-
ness of ﬁt was evaluated by the residuals. As observed from the resid-
uals (Fig. 5, low panel), the decay curve of the dsDNA-Cu(bpy)2
adduct consisted of two exponential components, i.e., τ1 = 1.42 and
τ2 =7.16 min, themean of the threemeasurements, with their relative
amplitude of a1 = 0.324 and a2 = 0.676, respectively. The relevant re-
action times τ1 and τ2 correspond to the rate constant of the ﬁrst order
reactions k1 = 0.71 min−1 and k2 = 0.14 min−1, respectively.
As observed for scDNA, various ROSmay affect the efﬁciency of the
cleavage of dsDNA. Fig. 6 shows the effect of ROS scavengers on the
decreasing proﬁle of the LD signal of the dsDNA-Cu(bpy)2 adduct.
At a glance, it is clear that the presence of tiron drastically suppresses
the cleavage (curve e, Fig. 6). The catalase also had a large inhibition
effect (curve d, Fig. 6). The two component curve ﬁtting resulted
in τ1 = 1.22 and τ2 = 16.66 min with their relative amplitude of
a1 = 0.298 and a2 = 0.702, respectively. The two reaction time cor-
respond to the two ﬁrst order reaction constants, k1 = 0.82 min−1
and k2 = 0.060 min−1, respectively. Sodium azide had an inter-
mediate inhibitory effect on dsDNA cleavage. The reaction times,
τ1 = 1.45 (a1 = 0.231) and τ2 = 10.59 min (a2 = 0.769), were
obtained from that ﬁt. The inhibitory effect of DMSOwas the weakest.
The two reaction times were 1.54 and 7.92 min with their relative
amplitude of a1 = 0.291 and a2 = 0.709, which are similar to those
values obtained in the absence of scavengers.
3.3. Binding afﬁnities and electrochemical properties of M(bpy)2
complexes
The difference in the amount of bound metal complex to dsDNA
can be the reason for the different cleavage efﬁciencies. Therefore,
the binding afﬁnities of the M(bpy)2 complexes to dsDNA were ex-
amined by the absorption spectrum. The Cu(bpy)2 complex produced
an absorption peak at 311 nm in the absence of dsDNA, which de-
creased with increasing dsDNA concentration (Fig. 7). An increase in
dsDNA concentration also caused an increase in absorbance at long
wavelength. This changes were accompanied by an isosbestic point
at 316 nm, suggesting that a change in absorption spectrum occurred
between the two states, namely dsDNA bound and free Cu(bpy)2. IfFig. 6. Effect of ROS scavengers on the decrease in LD signal at 260 nm of the dsDNA-
Cu(bpy)2 adduct. From curves a to e, in the absence of scavengers (curve a), sample con-
tains 50 mMDMSO (b), 5 mM sodium azide (c), 0.125 U/0.125 μL catalase (d) and 1 mM
tiron (e). [DNA] = 200 μM, [Cu complex] = 100 μM and [ascorbate] = 100 μM.
Fig. 7. Absorption spectrum of the Cu(bpy)2 complex in the presence of various concen-
tration of dsDNA. [Cu(bpy)2] = 30 μM. The concentration of dsDNA increased from 0 to
550 μM to the arrow direction with a 50 μM increment. The Benesi–Hildebrand plot
drawn using the change in absorbance at 320 nm is inserted.
Fig. 8. Cyclovoltammograms (A) and square wave voltammograms (B) of the M(bpy)2
complexes in 0.1 M sodium phosphate/2.5 mM cacodylate buffer at pH 7.0. Curve a in
both panels denotes Cu(bpy)2 (black solid curve). The Zn(bpy)2 (red dashed line) and
Cd(bpy)2 (blue dotted line) complex did not show signiﬁcant redox activity in the
experimented potential range.
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can be calculated using a simple Benesi–Hildebrand equation.
1
ΔA322 nm
¼− 1
εb−εf
 
Lt½ 
þ 1
εb−εf
 
Lt½ KBH dsDNA½ 
:
In this equation, the molar extinction coefﬁcient and the sub-
scripts b, f and t denote the bound, free and total metal complexes,
respectively. [Lt] and ΔA322 nm are the total complex concentration
and change in absorbance at 322 nm, respectively. The association
constant for the dsDNA-Cu(bpy)2 complex adducts formation, KBH,
was calculated from the slope to intercept ratio of the Benesi–
Hildebrand plot of the reciprocal absorbance with respect to the recip-
rocal DNA concentration (Fig. 7, insert). The association constant for
the formation of the dsDNA-Cu(bpy)2 adduct was 7.4 × 103 M−1.
Values of 3.2 × 103 M−1 and 2.1 × 103 M−1 were obtained for the
Zn(bpy)2 and Cd(bpy)2 complex, respectively, using a similar approach
(Figs. S1 and S2).
The redox potentials of the M(bpy)2 complexes may also be an im-
portant property that affects oxidative dsDNA cleavage. Fig. 8a and b
shows the cyclic voltammograms and square wave voltammograms
of the metal complexes, respectively. The redox potential for the
Cu(bpy)2 complex using a glassy carbon electrode was observed
at −0.222 V vs. Ag/AgCl electrode with a peak to peak separation of
0.201 V (Ered = −0.021 V) in a pH 7.0 buffer containing 0.1 M sodi-
um phosphate and 2.5 mM cacodylate (curve a, panel a). A shoulder
in the oxidation curve at −0.070 V was also noted. The observed
redox potential for the Cu(bpy)2 complex may correspond to the
following reaction.
CuðIIÞ þ e−⇌CuðIÞ
In contrast, neither the Zn(bpy)2 nor Cd(bpy)2 complexes exhibited
redox activity in the potential range tested in this study. The square
wave voltammograms for the Cu(bpy)2 complex (curve a, panel b) pro-
duced a peak potential at−0.175 V with a peak half-width of approxi-
mately 0.145 V. In addition to the cyclic voltammogram, no signiﬁcant
peak for the Zn(bpy)2 or Cd(bpy)2 complex was found, which is in con-
trast to the Cu(bpy)2 complex case.4. Discussion
4.1. Cleavage of scDNA and dsDNA
The electrophoresis study clearly showed that the Cu(bpy)2 com-
plex produced a smeared band in addition to a band that corresponds
to either a nicked open circular form or linear form. This indicates
that the cleavage of scDNA occurred not only at one place but at
multi-places, leading to the production of short DNA fragments. The
activities of the other twometal complexes were negligible. The result
from electrophoresis in the presence of various ROS scavengers re-
vealed the superoxide radical, ·O2−, to be the main species involved
in the scDNA cleavage reaction induced by the Cu(bpy)2 complex.
Although there is no direct evidence for the existence of the interme-
diate, the oxygen radical might be produced by the following reaction,
which involves the ligation of molecular oxygen to the central Cu(II)
ion.
CuðIÞðbpyÞ2 þ O2⇌½CuðIÞ  O2⇌CuðIIÞ  :O−2 ⇌CuðIIÞbpy2 þ :O−2
For the above reaction, the formation of the Cu(I)(bpy)2 complex
from the Cu(II)(bpy)2 complex is prerequisite. Indeed, reduction of
the Cu(II) complex that binds to DNA [33,34] or to amine groups has
been reported [35–37]. This reaction resembles the production of
oxygen radicals by the oxidation of Fe(II) in the Fenton mechanism.
If this is the case, the ability of the ligation of molecular oxygen to
a central Cu ion as well as the ability of the electron donation from
the Cu ion to ligated molecular oxygen is an important step in the
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surements. Efﬁcient inhibition by catalase may be understood by the
reaction
2:O−2 þ Hþ→O2 þ H2O2
through which H2O2 is produced as a result of the consumption of
oxygen radical [38,39]. The reduction of the H2O2 population may
result in a reduced amount of oxygen radicals.
In the LD measurements, the reduced LD, which is the ratio of
the measured LD to the isotropic absorption spectrum, reﬂects the
orientation and optical factors. However, LD can be considered to
reﬂect the orientation factor in the time-dependent measurement
provided that the absorbance remains constant during the measure-
ments. The orientation factor is affected solely by an increase in the
ﬂexibility of DNA due to single strand scission and a decrease in
the dsDNA contour length due to the scission of the second strand
that occurs near the nicked site of the opposite strand. Considering
that the sum of the two ﬁrst order reactions (the two components
exponential decay) best explained the observed LD decay, the in-
creasing ﬂexibility and shortened DNA were assumed to reﬂect the
fast and slow reaction times, respectively. In agreement with the
scDNA cleavage detected by electrophoresis, the presence of tiron did
not result in a signiﬁcant decrease in LD magnitude at 260 nm,
suggesting that inhibition of the action of the superoxide radical
completely suppressed the cleavage of dsDNA. Catalase also inhibited
the cleavage reaction efﬁciently. The ﬁrst order rate constant for the
slow step, corresponding to the shortening of dsDNA, became k2 =
0.060 min−1 in the presence of catalase compared to that of k2 =
0.14 min−1 in its absence. These observations from the LD measure-
ment are in agreement with the results obtained from electrophoresis.4.2. Possible factors affecting the efﬁciency of DNA cleavage
The redox potential for the Cu(bpy)2 complex was observed at
−0.222 V with a peak to peak separation of 0.201 V. On the other
hand, no signiﬁcant redox activity was found for the Zn(bpy)2 and
Cd(bpy)2 complexes. Therefore, the ability of electron donation of
themetal complex is essential for the efﬁcient DNA oxidative cleavage
induced by the Cu(bpy)2 complex, even though the redox potential of
the DNA bound Cu(bpy)2 complex might be different from that in the
absence of dsDNA. The oxidation of the central metal ion to produce
the oxygen radical, which is an essential reactive oxygen species in
DNA cleavage induced by the Cu(bpy)2 complex is required for the
proposed intermediate, [Cu(I)-O2 ⇌ Cu(II)-·O2−], mentioned previ-
ously. The amount of DNA-boundmetal complex can be another factor
that affects the DNA cleavage efﬁciency. However, in the M(bpy)2
case, the amount of metal complex that is associated with DNA is not
an important factor because the Zn(bpy)2 and Cd(bpy)2 complexes
are completely inactive. Indeed, the amounts of DNA boundmetal com-
plex estimated from the measured association constants for Cu(bpy)2,
Zn(bpy)2 and Cd(bpy)2 were 89.9 μM, 60.9 μM and 47.6 μM, respec-
tively. These values do not appears to be proper for elucidating the
active–inactive catalytic effect observed for the metal complexes.
The binding mode of any drug to dsDNA can be categorized as
intercalation, minor or major groove binding, or external binding. In
intercalation binding mode, in which the planar moiety of the inter-
calating drug is parallel to the DNA base-pairs, a negative LD signal
in the drug's absorption region is expected because it orients perpen-
dicular to the ﬂow direction. Therefore, the positive LD signal ob-
served in the ligand absorption region clearly rejects the possibility
of the intercalation of any ligand of the Cu complex. Similar positive
LD signals were observed for the Zn(bpy)2 and Cd(bpy)2 complexes
at the time of mixing (Fig. S3). In minor groove binding mode, which
is often observed for positively charged and partially fused aromatichydrocarbons, a positive LD signal appears in this case due to an
angle of near 45° between the electric transitions of the drug and the
local DNA helix axis. A well-known example of minor groove binding
molecules is 4′,6-diamidino-2-phenylindole [40]. Based on the similar
positive LD signal in the ligand absorption for all dsDNA-M(bpy)2
adducts (data not shown), at least some part of the ligand of all the
complexes tested in this study conceivably ﬁt into the narrow minor
groove. Therefore, the binding mode of the M(bpy)2 complexes is
similar and cannot be themain factor determining the observed differ-
ence in the catalytic effect. Detailed analysis of the binding geometry
was outside the scope of this study.
5. Conclusions
The Cu(bpy)2 complex catalyzes the oxidative cleavage of both
scDNA and dsDNA, which is in contrast to the Zn(bpy)2 and Cd(bpy)2
complexes. The latter two complexes were inactive. The kinetic study
using the LD technique showed that the cleavage of dsDNA by the
Cu(bpy)2 complex consists of two ﬁrst order reactions. The ﬁrst is pro-
posed to reﬂect the scission of one strand, whereas the slow reaction is
due to the cleavage of the complementary strand near the ﬁrst cleaved
site. The reactive oxygen species is the oxygen radical which is pro-
duced by oxidation of the central Cu(II) ion.
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